H uman CMV (HCMV)
6 is a ubiquitous ␤-herpesvirus that infects 60 -90% of the population. After primary infection, HCMV persists in a latent stage and can undergo transient reactivations. Although HCMV infections or reactivations are usually kept in check by the immune system of immunocompetent individuals, they can cause life-threatening diseases in immunocompromised patients (1) . CD8
ϩ CTLs have a central role in controlling HCMV reactivation (2) (3) (4) (5) (6) . Although CD8 ϩ T cells specific for the immediate early gene product IE-1 are found at substantial frequencies in some donors (7, 8) , the predominant CTL response is directed against the viral tegument protein pp65 (5, 9) . In individuals sharing the widespread HLA-A*0201 allele (referred to as A2), HCMV-specific CTLs recognize the same epitope pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] (NLVPMVATV), hereafter referred to as NLV (5, 10, 11) . Albeit polyclonal, the NLV-specific CTL response in healthy donors is usually made of a limited number of peptide-specific CTL clones expressing a restricted set of TCR␤ variable gene segments that may differ from one individual to another (5, 11, 12) . However, a further dramatic reduction of clonal diversity occurs during chronic inflammation (e.g., in rheumatoid arthritis patients) and immunodepression, resulting in the selection of a few dominant clones bearing high-affinity TCRs (13) . Because immunodepressed patients are prone to HCMV reactivation, this clonal focusing presumably reflects favored expansion of the bestfit clonotypes along recurrent antigenic stimulations. NLV-specific TCRs that predominate in the latter patients carry several public features (i.e., shared by clonotypes from different individuals), such as restricted V␣ or V␤ usage and conserved motifs within the CDR3 loops (13) . These public TCRs can be expressed by up to 15% of peripheral blood CD8 T cells of patients undergoing HCMV reactivation, highlighting their major contribution to the NLV-specific response. Recent structural analysis of public TCRs in complex with peptide-MHC (pMHC) revealed unique structural features of the selecting pMHC complex, such as limited solvent accessibility or marked bulging of one peptide residue, that accounts for selection of an homogeneous repertoire (14, 15) . However, it remains unclear whether similar rules apply to public T cell responses selected after repeated stimulation, as observed in HCMV infection. To gain insight into the mechanisms underlying clonal focusing along chronic Ag stimulation, we have determined the crystal structure of the immunodominant NLV peptide bound *Institut de Biologie Structurale Jean-Pierre Ebel, Unité mixte de recherche 5075 (CEA, CNRS, UJF, PSB), Grenoble, France; † INSERM, Unité 892, Institut de Recherche Thérapeutique, Université de Nantes, Nantes, France; and to A2 in isolation or in complex with a dominant public TCR (RA14) derived from an immunodepressed patient (13) . These structural data, combined with biophysical and functional experiments, allowed us to determine a new and quite extensive peptide readout mode with three peptide hot spots sensed by the RA14 TCR. It also provided a possible mechanism underlying preferred usage of some TRAV, TRBV, CDR3␣, and CDR3␤ for the recognition of this immunodominant peptide in an immunodepressed context associated with HCMV reactivation, as is the case for patients with oncohematological diseases undergoing bone marrow transplantation.
Materials and Methods

Plasmid construction
The cDNA encoding the full-length ␣-and ␤-chains were cloned into pGEM-T Easy (Promega). The sequence encoding the V and C ectodomain of ␣-and ␤-chain were then amplified by PCR using the following primers: 5Ј sense primers (5Ј-ggaattccaggaggaatttaaaatgatactgaacgtggaacaaagtcc-3Ј) or (5Ј-ggaattccaggaggaatttaaaatgggtgtcactcagaccccaaaattcc) containing an EcoRI restriction site (underlined) and a strong consensus Shine Dalgarno sequence (bold) around the initiation codon to promote optimal translation of the ␣-chain and ␤-chain respectively, and 5Ј anti-sense primers (5Ј-gctctagatttacaaccaccaccgtcgttttctgggctggggaagaaggtgtcttctgg-3Ј) or (5Ј-gctctagagcctagtcacaaccaccacccctgtcctggtctgctctaccccaggcctcg-3Ј) containing an XbaI restriction site and encoding for C␣-and ␤-terminal constant domain extension (NDGGCK) and (QDRGGGCD*) (14) . PCR products were cloned into the pLM1 vector in frame with a C-terminal biotin acceptor peptide sequence tag for the ␣-chain and into pET22b (Novagen) for the ␤-chain.
Protein expression and purification of R14 TCR
Both RA14 ␣-and ␤-chains were produced separately as inclusion bodies in BL21(DE3)RIL Escherichia coli strain (Stratagene), transformed by either pLM1-␣ or pET22b-␤ plasmids. Inclusion bodies were resuspended in 8 M urea, 50 mM MES (pH 6.5), 0.1 mM DTT, and 0.1 mM EDTA. Equal quantity of both chains were then mixed in 6 M guanidine HCl, 50 mM MES (pH 6.5), 10 mM EDTA, 2 mM DTT, and 1 mM sodium acetate. RA14 TCR was refolded by flash dilution in a solution containing 3 M urea, 200 mM arginine HCl, 150 mM Tris (pH 8), 1.5 mM reduced glutathione, and 0.15 mM oxidized glutathione at 4°C. After an incubation of 72 h at 4°C, the folding solution was dialyzed against 10 mM Tris (pH 8.5) and 50 mM NaCl for 24 h and against 10 mM Tris (pH 8.5) for 48 h. The resulting protein solution was then concentrated using a 10 kDa membrane (Millipore) and purified on a MonoQ 5/50 (GE Healthcare) column with a fast protein liquid chromatography system (Purifier 10, GE Healthcare). The elution was performed with a 0 -0.5 M NaCl gradient.
Protein expression and purification of NLV-HLA-A2
Both HLA-A*0201 heavy chains and ␤2-microglobulin were produced separately as previously described (16, 17) . In brief, the A245V mutant of the HLA-A*0201 H chain tagged at the C-ter with a biotinylation sequence was cloned into pHN1 expression vector as described in (17) . Recombinant proteins were produced as inclusion bodies in XA90F'LaqQ1 Escherichia coli strain. The inclusion bodies were resuspended in 8 M urea, 50 mM MES (pH 6.5), 0.1 mM DTT, and 0.1 mM EDTA, incubated overnight at 4°C, and centrifuged 30 min at 100,000 g. The supernatant was collected and frozen at Ϫ80°C. The pMHC complex refolding step was done by flash dilution of a mix of 21 mg HLA-A*0201, 10 mg ␤2-microglobulin, and 10 mg of the desired synthetic peptide into 350 ml of 100 mM Tris (pH 8.0), 400 mM L-Arginine HCl, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, and two Complete EDTA-free Cocktail Inhibitor Tablets (Roche). The refolding solution was then incubated for 4 to 5 days at 4°C and concentrated with a 10 or 30 kDa cutoff membrane (Vivacell System; Vivascience). The pMHC complex was purified on a MonoQ 5/50 column with a fast protein liquid chromatography system equilibrated in a 10 mM Tris (pH 8.0) buffer. It was eluted with 100 to 150 mM NaCl and concentrated with Amicon-10 or Amicon-30 devices to reach a final protein concentration of 2.5 to 3.5 mg/ml.
Surface plasmon resonance (SPR) experiments
Binding of HLA-A*0201 loaded with the different NLV peptide variants to TCR RA14 was analyzed by SPR. All experiments were performed using a Biacore 3000 instrument (GE Healthcare) at 25°C in HBS-EP buffer (10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005% P20). RA14 TCR was diluted to 20 g/ml in 10 mM acetate buffer (pH 5.0) and coupled at 3300 -6000 resonance units onto three adjacent cells of a CM5 sensor chip (GE Healthcare) by classical amine coupling at a flow rate of 5 l/ min. The blank cell was made by ethanolamine deactivation of the activated surface. Before SPR experiments, HLA-A*0201-peptide complexes were dialysed against 10 mM Tris (pH 8) containing 150 mM NaCl and a final step of purification by gel-filtration on a Superdex-200 column (GE Healthcare) was performed to eliminate aggregates. HLA-A*0201-peptide complexes were injected onto the four flow cells simultaneously at various concentrations ranging from 0.31 to 80 M. SPR data were analyzed using the steady state affinity model of the BIAevaluation 3.1 software. Analysis of the steady-state data was then performed by averaging the equilibrium response over the final 10 to 25 s of each injection, plotting the equilibrium response against concentration, and fitting using a 1:1 binding model (supplemental Fig. S1 ). 7 Final affinity constants were obtained by averaging values fitted over the triplicate data sets and all errors reported are SD from the mean (Table I) .
T cell clones and functional assays
T cell clones directed against NLV-HLA-A*0201 were obtained and cultured as previously described (13) . The NLV and NLV variant synthetic peptides were dissolved at 20 mg/ml in DMSO, diluted at 2 mg/ml in 10 mM acetic acid, and then diluted to the required concentration in RPMI 1640 10% FCS. Cytotoxicity was measured in a standard 4 h 51 CR assay (18) . Briefly, transporter associated with Ag processing (TAP)-deficient HLA-A*0201-positive T2 cells were labeled with 100 Ci of Na 2 51 CRO 4 for 1 h at 37°C, washed three times in RPMI 1640 10% FCS, and pulsed with various concentrations of NLV peptides for 1 h at 37°C. After two washes, target cells were incubated with the different T cell clones at an effector:target ratio of 10:1 in 100 l of RPMI 1640 10% FCS for 4 h at 37°C. Supernatant (25 l) from each well was removed and counted in a gamma scintillation counter. Peptide concentrations necessary to achieve half-maximal target-cell lysis (EC50) were calculated from three independent experiments and errors reported correspond to SD from the mean EC50 values (Table I) .
Crystallographic data collection
Crystals were grown by vapor diffusion with the hanging drop technique at 293K. The crystals of the NLV-A2 and the NLV variants -A2 complexes were obtained by mixing 2 l of 3-5 mg/ml protein solution and 2 l of the reservoir solution (9 -20% polyethylene glycol (PEG) 6000, 0.1 M tri-Na Citrate (pH 6.5), 0 -0.1 M NaCl). Before crystallization, the RA14-TCR-NLV-A2 complex was formed by mixing TCR and pMHC with a molar ratio of 1:1 and at a final concentration of 2 mg/ml for the complex. The crystals were grown in 18 -24% PEG 3350, 0.3 M LiSO 4 . The crystals were cryoprotected with 30% of either glycerol or PEG added to the mother liquor before flash freezing. All data were collected at 100 K. The 7 The online version of this article contains supplemental material. data sets for the NLV-A2 and NLV variants -A2 crystals were collected on beamlines ID14-eh2 and ID23-eh2 of the European Synchrotron Radiation Facility (ESRF) at a wavelength of 0.933 Å using an ADSC Q4 CCD detector. The data set of the RA14-NLV-HLA-A2 crystal was collected on beamline ID29 of the ESRF at a wavelength of 0.976 Å using an ADSC Q315 CCD detector. Data processing was performed using XDS (19) and summarized in Table S1 .
Structure determination and refinement
All structures were solved by molecular replacement with AMoRe (20) . The NLV-A2 structure was solved using the GVYDGREHTV-A2 structure (Protein Data Bank (PDB) entry 1I4F, (21)) as the initial model. For the NLV variants -A2 structures, the NLV-A2 structure was used as starting model. The RA14 TCR-NLV-A2 complex (hereafter denoted RA14-NLV-A2) structure was solved using the NLV-A2 binary complex structure and PDB entry 2BNU (22) as pMHC and TCR initial models. All structures include one complex per asymmetric unit and the refinement protocol used included several cycles of refinement with REFMAC (23) followed by manual model rebuilding with O (24) and Coot (25) , until no interpretable electron density could be identified in the residual map. The electron density is well defined for the whole NLV-A2 and NLV variants -A2 binary complexes. However, some peptide side chains showed significant mobility. For instance, the Met5 P side chain has a weak electron density beyond its C␤ atom, and Met5 P , Val6 P , and Thr8 P side chains have been modeled with two discrete conformations, indicating a significant mobility for the most solvent-exposed side chains as well as for the Val6 P in the A2 C pocket (Fig. S2) . The whole RA14-NLV-A2 complex structure is well defined in the electron density map (Fig. S3 ) except for two stretches of the TCR C␣ domain corresponding to residues 143-150 and 160 -169. Final refinement statistics and PDB entry are summarized in Table S1 . Coordinates for RA14-NLV-A2, NLV-A2, NLV M5S -A2, NLV M5V -A2, NLV M5T -A2, NLV M5Q -A2, NLV T8A -A2, and NLV T8V -A2 structures were deposited with the PDB (http://www.rcsb.org/pdb) under 3GSN, 3GSO, 3GSQ, 3GSR, 3GSU, 3GSV, 3GSW, and 3GSX accession numbers, respectively.
Results
Structural overview of the NLV-A2 and TCR-NLV-A2 complexes
The crystal structure of the NLV-A2 binary complex has been determined at 1.6 Å resolution. NLV carries the canonical A2 binding motif (Leu in P2, Val in P6, and Leu in P9, (26) ) and the most solvent-exposed residues are found at positions 4, 5, and 8.
The crystal structure of RA14-NLV-A2 has been refined to 2.8 Å resolution (Fig. 1A) . The RA14 TCR is encoded by rearranged TRAV24 and TRAJ49 gene segments for the ␣-chain and TRBV6-5, TRBD1, and TRBJ1-2 gene segments for the ␤-chain (27) . The RA14 TCR docking orientation on NLV-A2 (35°) falls within the range of orientations already observed for other TCRs in complex with pMHC class I (pMHCI) (28) , and reflects the generally adopted diagonal docking mode. As illustrated by the TCR footprint on the pMHC surface (Fig. 1D) , the CDR1␣ and CDR3␣ loops interact with the N-terminal half of the peptide and the ␣1 MHC helix, whereas the CDR1␤ and CDR3␤ loops primarily contact the C-terminal end of the peptide and the ␣2 A2 helix. CDR2␣ and CDR2␤ exclusively contact the ␣2 and ␣1 A2 helices, respectively. When docking onto the NLV-A2 complex, RA14 buries 91% (324 Å 2 ) of the peptide solvent accessible surface while in other TCR-pMHCI complex structures known to date, this percentage varies from 60 to 89%. Only 32 Å 2 of the peptide surface is left exposed to the solvent. Therefore, while the RA14-NLV-A2 complex adopts the canonical TCR diagonal docking mode, it manages to form the most extensive peptide covering among the TCR-pMHCI structures known to date.
The TCR-A2 interface highlights a new TRAV6-5-A2 binding mode
The RA14-A2 interaction is mediated by six hydrogen bonds and 43 van der Waals contacts (Table II) and involves all CDRs except CDR2␣. RA14 sits on A2 ␣1 helix through a hydrophobic cluster between the CDR2␤ (Val50
␤ ) on one side and the aliphatic chain of Gln72 H , Arg75 H and Val76 H , on the other, as well as through two hydrogen bonds between the framework residues Tyr48 ␤ hydroxyl group and Asp56 ␤ O␦1 atom and the Gln72 H N2 atom ( Fig. 2A) . This anchor is complemented with two hydrogen bonds between the tip of RA14 CDR3␣ (Asn96 ␣ amine group) and both Gln72 H O1 atom and Ala69 H carbonyl group (Fig. 2B) . Gln72
H is therefore truly identified as a tight anchor for FIGURE 1. Overall view of RA14-NLV-A2 complex structure. A, Ribbon representation of the RA14-NLV-A2 ternary complex. TCR␣-and ␤-chains are depicted in light gray and medium gray, respectively. CDR1␣, CDR2␣, CDR3␣, CDR1␤, CDR2␤, and CDR3␤ are shown in green, red, blue, chartreuse green, orange, and cyan, respectively. HLA-A2 is depicted in gold and silver mauve for the ␣1 and ␣2 domains, respectively, and gray for the ␣3 and ␤2-microglobulin domains. The peptide is shown in purple balls and sticks. B and C, Two perpendicular enlarged views of the RA14-NLV-A2 interface. D, Footprint of the RA14 TCR on the molecular surface of the NLV-A2 complex. NLV-A2 molecular surface buried by the RA14 CDRs has been colored as in A. E, Superposition of the NLV-A2 ␣1␣2 domain derived from both NLV-A2 (depicted in gray) and RA14-NLV-A2 (depicted as in A) complex structures.
RA14, thanks to TRAJ49-TRB6-5 combination. The particular focusing of Tyr48 ␤ and Asp56 ␤ on the Gln72 H is unique to RA14-NLV-A2 and differs from that highlighted in several other TCRpMHC structures in which these two well conserved residues preferentially interact with Arg65 H (29) . RA14 contacts A2 ␣2 helix mainly through its CDR1␣, CDR1␤ and CDR3␤. Tyr31 ␣ side chain is sandwiched by A2 Gln155
H and peptide Pro4 P and Met5 P , while its main chain carbonyl group further stabilizes the Gln155 H side chain through an elongated hydrogen bond (3.86 Å, ␣ (29)) and position 155 H on the ␣2 MHC helix. CDR1␤ and CDR3␤ are involved through an ionic interaction between Glu30
␤ and Lys146 H side chains (Fig. 2D ) and one hydrogen bond between Tyr101 ␤ hydroxyl group and Ala149 H carbonyl oxygen atom and a few van der Waals contacts. Remarkably, CDR1␣  TRAV24  Asn29  Lys66  2  CDR1␣  TRAV24  Tyr31  Gln155  5  CDR2␣  TRAV24  Thr51  Gln155  2  CDR2␣  TRAV24  Leu52  Ala158  1  CDR3␣  TRAJ49  Thr94  Arg65  3  CDR3␣  TRAJ49  Gly95  Ala69  2  CDR3␣  TRAJ49  Asn96  Ala69  4  FW  TRBV6-5  Tyr48  Gln72  2  CDR2␤  TRBV6-5  Val50  Gln72  1  CDR2␤  TRBV6-5  Val50  Val76  2  CDR2␤  TRBV6-5  Ile54  Arg75  7  CDR2␤ TRBV6-5 Ile54 Asn29  Pro4  3  CDR1␣  TRAJ49  Phe30  Pro4  1  CDR1␣  TRAJ49  Tyr31  Val3  1  CDR1␣  TRAJ49  Tyr31  Pro4  11  CDR1␣  TRAJ49  Tyr31  Met5  14  CDR3␣  TRAJ49  Gly95  Met5  1  CDR1␤ TRBV6 ␣ . This reinforces the concept that a V␤ (or V␣) domain encoded by given TRBV (or TRAV) segment can adopt several different binding modes with the same MHC molecule, depending on the other segments used to encode the whole TCR.
A TCR-pMHC complex with a nearly maximal peptide readout
Overall, the NLV peptide establishes five hydrogen bonds and 48 van der Waals contacts with RA14 (Table II) . RA14 contacts the peptide at nearly all solvent-exposed positions, namely 3, 4, 5, 6, 7, and 8, but ϳ80% of the van der Waals contacts focus on positions 4 and 5, while the hydrogen bonds essentially engage Thr8 P . The bulging Pro4 P and Met5 P fit a cavity formed by CDR1␣, CDR3␣, and CDR3␤ (Fig. 2C) . Pro4 P is sandwiched between Asn29 ␣ and Tyr31 ␣ side chains and establishes hydrophobic contacts with them (Fig. 2C) . The tips of the CDR3␣ (Asn93 ␣ , Gly95 ␣ , Asn96 ␣ ) and CDR3␤ (Gly98 ␤ , Gly99 ␤ ) loops and the Tyr31 ␣ aromatic ring form a molecular cage for the Met5 P side chain and thus fully stabilize it. The Met5 P sulfur atom is further stabilized by a 3.61 Å long hydrogen bond with the Asn96 ␣ NH group (Table II, Fig. 2B ). Contrasting with the hydrophobic nature of the TCR-peptide interactions involving positions 4 and 5, a dense network of hydrogen bonds connects Thr8 P with the side chain of Glu30 ␤ and the main chain of Thr97 ␤ (Table II) . The Glu30 ␤ side chain is further stabilized through two hydrogen bonds with Thr97 ␤ N and Lys146 H N (Fig. 2D) . Importantly, the CDR3␤ contribution to the TCR-peptide interface is essentially mediated through its main chain. The only CDR3␤ sequence requirement seems to be the glycine at position 98␤, consistent with the van der Waals contacts established between the C␣ atom and position 5, 6, and 7 of the peptide. Overall, although all the significantly solvent-exposed peptide residues contribute to the interface with the TCR, the present structural data identify Pro4 P , Met5 P , and Thr8 P as main peptide recognition spots.
Minor pMHC structural changes induced upon TCR binding
The structure of the NLV-A2 alone or in complex with RA14 are similar, the root mean square difference on C␣ atom pairs being 0.51 Å for the ␣1␣2 A2 domain and 0.53 Å for the peptide (Fig.  1E) . Upon TCR binding, a 1 Å shift of Pro4 P and Met5 P backbone toward the ␣1 A2 helix is observed and correlates with both the insertion of Tyr31 ␣ between the peptide and the A2 ␣2 helix and the clamping of Met5 P by CDR1␣, CDR3␣, and CDR3␤. Moreover, TCR docking onto pMHC clearly affects the mobility of Met5 P and Thr8 P , as shown by the electron density, as the side chains of both residues adopt a unique and well-defined conformation and interact with RA14 CDRs (Fig. S3) . Among the 24 A2 residues implicated in the RA14-NLV-A2 interface, eight of them have their side chain conformation altered by the docking of RA14. These changes were mainly caused by steric hindrance generated by the TCR (Glu58 H , Arg65 H , Arg75 H , Gln155 H ), by favorable interactions with the TCR (Gln72 H , Gln155 H ), or by concerted movement with one of the latter residues (Glu19 H , Asp61 H , Glu154 H ).
RA14-NLV-A2 affinity measurements identify three peptide hot spots
To assess the contribution of RA14-NLV contact spots in the stabilization of the RA14-NLV-A2 complex, the affinity of the RA14 TCR for A2 bound to the native NLV peptide and nine NLV variants (P4G, P4A, M5S, M5T, M5V, M5Q, T8A, T8S, and T8V) was measured by SPR. Both kinetic and steady state binding experiments were performed. For the native NLV peptide and all the variants, binding of A2 onto immobilized TCR was characterized by fast association and dissociation. Indeed, due to the speed of the association/dissociation process, none of the association (K on ) or dissociation (K off ) constants could be reliably evaluated, except for the k off corresponding to wild-type NLV peptide (data not shown). Affinities (K D ) were thus derived from steady state experiments (Table I and Fig. S1 ). The wild-type NLV-A2 has the highest affinity for RA14 with a K D of 27.7 M, followed by the T8S NLV remains to be precisely cross-checked with other techniques, such as isothermal titration calorimetry, the present setup is optimal for the affinity comparison of the different NLV variants because all NLV-A2 complexes were tested on the same RA14-loaded surface. Binding data drawn from NLV variants clearly establish the significant contribution of peptide positions 4, 5, and 8 to the stability of the RA14-NLV-A2 complex, fully supporting structural data described above. It truly identifies Pro4, Met5, and Thr8 as peptide hot spots.
RA14 T cell clone activation by NLV variants confirms the three peptide hot spots
The functional impact of each of the above mutations on RA14 clone activation was assessed in cytotoxicity assays against TAPdeficient A2-positive target cells loaded with graded doses of peptide. The highest EC 50 value was obtained with the wild-type peptide, followed by T8S and P4A variants (Table I ). P4G and all the M5 variants were still able to activate RA14, though at significantly higher concentrations than the wild-type peptide, whereas T8V and T8A mutants were no longer recognized by RA14. Because all these mutants showed similar or even higher affinity for A2, as suggested by their ability to stabilize surface-A2 expression on T2 TAP-deficient cells (Fig. S4) , decreased recognition of peptide variants is likely accounted for by decreased functional avidity of RA14 clone for the corresponding pMHC complexes. Thus, the EC50 values of most mutants correlate well with the affinity of the corresponding peptide-A2 complexes for RA14 TCR estimated by SPR, except for M5S-A2. It thus confirms the role of interaction network formed between peptide position 4, 5, and 8 and the TCR in the recognition of NLV-A2 by RA14 TCR.
Discussion
The mechanisms underlying the emergence of public TCRs remain controversial and probably involve multiple parameters, such as recombination biases during TCR gene rearrangements, intrathymic selection, peripheral homeostatic processes, and Ag-driven selection (32) . The latter process is most likely the main parameter contributing to predominant usage of public TCRs by NLV-A2-specific CD8 T cells derived from immunodepressed patients undergoing HCMV reactivation. Indeed, the NLV-A2-specific repertoire in immunosuppressed patients, who are prone to HCMV reactivation, is more limited than that of healthy donors. This repertoire focusing parallels enrichment for high affinity public TCRs, with recurrent CDR1 and CDR2 motifs and conserved CDR3 length and sequence (13) . Among public TCRs, those carrying TRAV24-TRAJ49 and TRBV6-5 chains were the most frequent and represented the vast majority of NLV-A2-specific T cells in four of 12 immunosuppressed patients. Those carrying at least three of the four tightly involved motifs identified in RA14 represented more that 90% of the NLV-A2-specific T cells in six of 12 immunosuppressed patients (Table III) . This suggests that a Each line corresponds to highly related or identical TCR sequences whose TRAV-TRAJ-TRBV gene composition and number of key NLV-A2 binding motifs shared with the RA14 TCR (Asn29 and Tyr31 in CDR1␣, Asn96 in CDR3␣, Glu30 in CDR1␤, and Tyr48 and Asp56 in CDR2␤) are indicated in the second and third columns, respectively. When a given TCR sequence is found in several individuals, the maximal (Ͻx) or minimal (Ͼx) percentage of cells expressing the corresponding TCR are indicated. Note that most NLV-specific TCR carrying three or more tightly involved motifs are expressed by the vast majority (Ͼ90%) of NLV-specific T cells in six of 12 immunosuppressed patients, but by a small fraction only of NLV-specific T cells in healthy donors. By contrast, TCR carrying two or less tightly involved motifs are preferentially found within NLVspecific T cell lines from healthy donors.
IS, Immunosuppressed; nd, not determined; Rec., the interindividual recurrence of the corresponding TCR sequence among NLV-specific T cell lines derived from five healthy donors and 12 immunosuppressed patients; f(%), the percentage of cells expressing the corresponding TCR within each NLV-specific T cell line (numbers are in bold when this percentage is above 66.67%).
TRAV24-TRBV6-5 TCRs carry optimal CDR combinations to productively interact with their cognate pMHC, and are thus favored during chronic Ag stimulation. Structural analysis of the RA14 TCR, which is representative of the most frequent public high avidity and dominant NLV-A2-specific TCRs, supports this assumption and provides new insights into the structural basis of public TCR selection.
Several structures of human TCRs in complex with pMHC derived from T cell responses with reported biased usage of V(D)J gene segments have been reported. They include JM22 TCR in complex with an influenza-derived peptide (MP 58 -66 ) presented by A2 (14) , LC13 TCR in complex with an EBV nuclear Ag 3-derived peptide (FLRGRAYGL, hereafter referred to as FLR) presented by HLA-B8 (15), SB27 TCR in complex with EBV BZLF1 52-64 peptide presented by HLA-B*3508 (33), ELS4 TCR in complex with BZLF1 54 -64 peptide presented by HLA-B*3501 (34) , and HA1.7 TCR in complex with an influenza hemagglutinderived peptide (HA 306 -318 ) presented by HLA-DR1 (35) . However, the most relevant structural comparison is certainly with the two public TCRs in complex with immunodominant pMHCI that have been crystallized so far, JM22-MP 58 -66 -A2 and LC13-FLR-HLA-B8.
The JM22-MP 58 -66 -A2 complex structure showed involvement of the three ␤-chain CDRs in peptide interactions but limited contribution of the V␣ domain to the TCR-pMHC interface, in agreement with a much less stringent selection of the latter chain (14) . Moreover, the JM22 Arg98
␤ is inserted into a notch between the peptide and the A2 ␣2 helix while the peptide is essentially featureless, in that it has a minimal fraction of its molecular surface bulging out of the peptide binding groove (247 Å 2 of peptide accessible surface exposed). Therefore, the JM22 CDR3␤ motif (Arg98-Ser99) associated with TRBV19*01 CDR1␤ and CDR2␤ provides a unique solution for the MP 58 -66 -A2 recognition and explains the highly constrained TRBV repertoire and CDR3␤ sequences of MP 58 -66 -specific TCR (36, 37) .
In the case of the public T cell response against the HLA-B8-restricted FLR epitope, the repertoire comprises clones expressing almost identical TCR␣-and ␤-chains and rests primarily on the TRAV26-TRAJ52 and TRBV7-8-TRBD1-TRBJ2-7 gene segment combination (38) , although public TCRs with different V(D)J usage may cope with the same pMHC complex (39) . The crystal structure of one such TCR (LC13) showed a significant involvement of five CDRs in the interaction with the pMHC (15) , in full agreement with selection constraints on both chains. The CDR1 and CDR3 tightly contact through residues unique to TRAV26-2*01, TRBD1/2 and TRBJ2-7*01, the bulging tyrosine at peptide position 7, the latter contributing the most to the peptide solvent accessible surface (95 of 250 Å 2 for the whole peptide). For these two public TCRs, recognition essentially relies on optimal interactions with one specific feature of the pMHC surface. Presumably, the number of TCRs able to productively interact with such a confined part of the pMHC is very limited and consistent with the quasi-monoclonal repertoire observed for these two cases. Indeed, depletion of TRBV19*01 ϩ T cells abrogates the MP 58 -66 -A2-specific response in most donors (36) . For FLR-B8, the T cell clonotype that dominates the response is deleted in HLA-B44*01 ϩ individuals through a self-tolerance mechanism. In such individuals, the oligoclonal response that includes public clones targets a different epitope involving the N-rather than the C-terminal region of the FLR peptide (39) .
RA14-NLV-A2 departs from these two aforementioned examples. Because the antigenic peptide is significantly more exposed to the solvent in NLV-A2 (355 Å 2 ), it cannot be considered as featureless as MP 58 -66 . RA14 does not focus on one particular bulging residue, as observed for LC13, nor does it conform to the peg-notch type of recognition adopted in the two previous examples. Instead, four of its CDRs (CDR1␣, CDR1␤, CDR3␣, and CDR3␤) bury most of the peptide surface and interact with three peptide hot spots through a network of hydrophobic and polar interactions involving the moderately bulging Pro4 P , Met5 P , and Thr8 P . The significance of these three hot spots in stabilizing the TCR-pMHC complex is demonstrated by binding and T cell activation data on NLV variants. The wild-type NLV peptide displays the highest affinity for RA14 and triggers the most robust cytotoxic responses when used to stimulate the RA14 CTL clone (Table I) , whereas a decrease of the affinity is observed for amino acid substitution at positions 4, 5, and 8. Modification of Met5 P has the most pronounced effect, M5A being the only variant that remains able to activate RA14 CTL clones, albeit much less efficiently (data not shown). Conservative change of Thr8 P to a serine induces a moderate decrease in the affinity and activation efficacy, whereas a change to either a valine or alanine impairs both RA14 interaction and RA14 CTL clone activation and highlights the role of the hydrogen bonds involving Thr8 P side chain. As confirmed by NLV variants-A2 binary structures, no peptide conformational change induced by replacement of Met5 P or Thr8 P with other amino acids which could have accounted for the change in TCR binding was observed for these variants ( Fig. S5 and Table S1 ). Overall, these results confirm the substantial role of three different peptide hot spots and corroborate structural data showing that these three positions are actually the most contacted by the RA14 TCR.
As previously described for other TCRs (40, 41) , several key residues, located on CDR1␣, CDR3␣, CDR1␤, and CDR2␤, provide a structural rational for biased usage of particular V(D)J segments within the NLV-specific repertoire. For instance, Asn29 ␣ and Tyr31
␣ belong to a key motif that is exclusively found in TRAV24, whereas Tyr31 ␣ alone is found in the TRAV21 segment, which is also used by other NLV-specific TCRs. Asn96 ␣ in RA14 (TRAJ49) is also shared by the TRAJ43 gene segment found in several NLV-specific clones. Glu30 ␤ , which is quite scarce among TRBV genes, is shared by three TRBV segments (TRBV6-5, -27, and -28) frequently used by NLV-specific TCR. The hydrophobic character of the CDR2␤ observed in TRBV6-5 and TRBV27 and the conservation of Tyr48 ␤ and Asp56 ␤ in TRBV6-1, -7-6, -12-3, -27, and -30 suggests a conserved mode of contact with A2 for this CDR. The occurrence of each of the above key motifs is much higher in NLV-A2-specific TCR sequence than in their respective V or J segments. Therefore, their selection either alone or in combination during chronic CMV reactivation is likely due to their ability to form specific contacts with NLV-A2.
Our results further exemplify that a specific TRBV segment (6-5) can bind the same MHC molecule in different ways. Thanks to a combination with TRAJ49, the positioning of TRBV6-5 seems driven by a dense hydrogen bond network with Gln72 H highlighting the latter residue as a fourth interacting spot.
In conclusion, our study highlights the structural characteristics that could explain the immunodominance of the RA14 TCR in response to NLV-A2 in an immunodepressed context associated with HCMV reactivation. The mechanism contrasts from that observed for the immunodominant MP 58 -66 -A2 and FLR-B8 pMHC because the quasi-unique TCRs used for their recognition essentially interact with a unique feature on the pMHC surface (14, 15) . Instead, RA14 buries most of the peptide and forms tight contact with three peptide residues and one A2 amino acid. The combination of TRAV, TRAJ, and TRBV appears optimal to establish this four-spot recognition. Sequence comparison of other NLV-A2-specific TCRs shows that they share most of the key contacting residues and suggests that most of the high avidity TCRs could adopt a similar recognition mode. Confirming this hypothesis would require supplemental structural and interaction data on different private and public NLV-specific TCRs. Nevertheless, the present data indicate that forming optimal interaction with the four identified spots appears to be the structural solution for the affinity-driven emergence of an optimal public TCR among an oligoclonal Ag-specific response after repeated antigenic stimulations. This solution is based on a TCR with a marked structural complementarity with the full array of the available peptide residues. 
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